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ABSTRACT

Thecapacityis determinedfor anopticalchannelemploying PulsePositionModulation(PPM)andanAvalanchePhotoDiode
(APD) detector. Thischannelis differentfrom theusualopticalchannelin thatthedetectoroutputis characterizedby a Webb-
plus-Gaussiandistribution, not a Poissondistribution. The capacityis expressedasa function of the PPM order, slot width,
laserdeadtime,averagenumberof incidentsignalandbackgroundphotonsreceived,andAPD parameters.Basedon asystem
usinga laseranddetectorproposedfor X2000 seconddelivery, numericalresultsprovide upperboundson the datarateand
level of backgroundnoisethat the channelcansupportwhile operatingat a given BER. For the particularcasestudied,the
capacity-maximizingPPMorderis near2048for nighttimereceptionand16 for daytimereception.Reed-Solomoncodescan
handlebackgroundlevels2.3to 7.6dB below theultimatelevel thatcanbehandledby codesoperatingat theShannonlimit.

Keywords: Capacity, pulsepositionmodulation,avalanchephotodiodedetector, Reed-Solomon,Webbstatistics

1. INTR ODUCTION

The capacityof a channelis the highestdatarateit canreliably support. Whenever the datarateis lessthanthe capacityof
thechannel,thereexistsanerror-correctingcodefor thechannelthathasanoutputprobabilityof errorassmallasdesired,and
conversely, whenever thedatarateis morethanthecapacitytheprobabilityof erroris boundedaway from zero.

Thecapacityof theopticalchanneldependsonmany factors,includingthemodulationscheme,laser, transmissionmedium,
photodetector,andpreamplifier. UnlikethebandlimitedadditivewhiteGaussiannoise(AWGN)channelin whichall performance-
influencingfactorsarerelevantto thechannelcapacityonly in how they affect thebandwidthandsignal-to-noiseratio, thereis
not a methodto simplify theformulationof thecapacityof theopticalchannelto sofew variables.For example,thecapacity
dependsseparatelyon thesignalandbackgroundlight levels,not simply their ratio. In this paper, the functionaldependence
of the capacityis distilled to the following six major parameters:(1) the PPM orderM, (2) the laserpulsewidth Ts, (3) the
necessarydeadtime betweenpulsesTd, (4) theaveragenumberof signalphotonsperpulseincidenton thedetectorn̄s, (5) the
averagenumberof backgroundphotonsperslot incidenton thedetectorn̄b, and(6) the detectoritself. Theseparametersare
representedby thevector ; M < n̄s < n̄b < Ts < Td < detector= , andwe will write thecapacityasC > C ; M < n̄s < n̄b < Ts < Td < detector= . For an
APD detector, theparametersusedarethequantumefficiency η, theionizationratiokeff , noisetemperatureT, loadresistance
R, noiseequivalentone-sidedbandwidthB, bulk leakagecurrentIb, andsurfaceleakagecurrentIs. Not explicitly includedin
thefunctionaldescriptionof thecapacityis themodulationextinction ratio αer of thelaser, which we fix at 106 throughoutthe
paper. A descriptionof theseparametersis containedin [4,14].

Numericalresultsin the paperarebasedon a systemusingcomponentscurrentlyavailableandsuggestedby X20002nd
delivery for a Mars-typemission.This includesa 1064nmpulsedQ-switchedNeodymium-dopedYttrium Aluminum Garnet
(Nd:YAG) laser, a superlow keff (SLiK) APD detectormadeby EG&G, anda transimpedancepre-amplifier.

Futureimprovementsmadein lasersanddetectorscanbeevaluatedwith themethodsoutlinedin thispaper. Theincreasein
capacitycanbeprojectedby re-evaluatingtheequationswith new ; M < n̄s < n̄b < Ts < Td < detector= parameters.We areundertaking
this activity for a futurepaper.

In thefollowing section,theopticalchannelis describedandthenotationusedin this paperis given. We alsodiscussthe
variousunits in which capacitymay be expressed.Section3 givesthe analyticcapacityresults,including derivationsof the
capacityof PPM,theprobabilityof uncodedsymbolerror for theAPD andidealphotoncountingdetectors,andimplications
of theconverseof Shannon’scapacitytheorem.In Section4 we give thenumericalcapacityresults,andin Section5 we state
conclusionsanddiscussfutureresearchneededin thisarea.

Thework describedwasfundedby theTMOD TechnologyProgramandperformedat theJetPropulsionLaboratory, CaliforniaInstitute
of Technologyundercontractwith theNationalAeronauticsandSpaceAdministration.
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Figure1. An opticalcommunicationssystem.

2. PRELIMIN ARIES

2.1. Channeldescription and notation

2.1.1. Encoder, lasermodulator, optical channel

Thispaperconcernsthecommunicationssystemshown in Fig.1. TheinformationbitsU >�; U1 <@?A?A?B< Uk = arei.i.d. binaryrandom
variablesassumedto take on thevalues0 and1 with equalprobability. ThevectorU is encodedto X >C; X1 <A?@?A?D< Xn = , a vector
of n M-PPM symbols. EachM-PPM symbol is a numberin E 0 <A?@?A?D< M F 1 G (or equivalently, a block of log2M bits, if M is
a power of two). Thereis onesignalingslot, andM F 1 nonsignalingslots for eachM-PPM symbol. The symbol indicates
to themodulatorin which of theM time slotsof lengthTs to pulsethe transmittinglaser. BetweeneachM-PPMsymbol,the
laserrequiresdeadtime Td to recharge and readyitself for sendinganotherpulse. The laseris coupledto a telescopeand
pulsesaretransmittedthroughtheopticalchannelto thereceiving telescope,wherebackgroundlight alsoenters.In Fig. 1, the
transmittingtelescope,free space,backgroundlight, andreceiving telescopearegroupedunderthe term “Optical Channel,”
whoseoutputconsistsof photonsthatenterthedetector.

2.1.2. Detector

At the receiver, light is focussedon the photodetector, which for this paperwe restrict to an APD detector. The detector
integratesover slot timesto produceY >H; Y1 <A?@?A?B< Yn = , whereY i >I; yi J 1 <A?A?@?D< yi JM = arethe M soft outputsfor the ith M-PPM
symbol,1 K i K n. Thenumberof photonsincidenton a detectorfrom anincidentopticalfield of known intensityis a Poisson
distributedrandomvariable[4]. Thenumberof photonsabsorbedby the detectoris equalto the numberof photonsincident
timesthequantumefficiency η of thedetector. Thesecondaryelectronsat theoutputof thedetectorhave a morecomplicated
probability distribution [3, 13,20]. In this paper, for simplicity we assumeperfecttiming synchronizationandno inter-slot
interference,which impliesthatthenumberof absorbedphotonsin eachslot is independentof thenumberof photonsabsorbed
in all otherslots. Recentwork hasdevelopeda methodto combatinter-slot interference,assumingGaussianpulseshapes,by
usingtrellis-codedmodulation[10,17].

2.1.3. PPM demodulator, decoder

Typically, the individual slot statisticsat theoutputof thedetectorarenot availableto thedecoder. L Instead,for 1 K i K n, a
PPMdemodulatorusestheM slotstatisticsof Y i to makeanM-PPMsymboldecisionZi M E 0 <@?A?A?D< M F 1 G by choosingtheslot
within eachsymbolthat maximizesthe numberof detectedphotons,or in caseof a tie, by randomlychoosinga slot among
thosewith themaximumstatistic.It hasrecentlybeenproventhatthis is themaximumlikelihoodrule for PPMdetectionwhen
the statisticsaregovernedby the sumof a WebbandGaussiandeviates[19]. Perhapssurprisingly, the maximumlikelihood
rulebecomesmorecomplicatedthan“pick thelargest”whenthedetectoroutputis approximatedby aGaussiandistribution, in
which a nonsignalingslot hasmeanµb andvarianceσ2

b anda signalingslot hasmeanµb N µs andvarianceσ2
b N σ2

s. We avoid
this problemby not usingtheGaussianapproximations.O

If individual slot statisticsareavailableto thedecoder, thenthecapacitywill behigher.



2.2. The units of capacity

This paperexpressesthechannelcapacityin bits persecondbecauseultimatelythesystemdesignerwantsto know how much
datacanbepumpedthroughthechannelhow quickly usingthegivenpower available. The laserproperties,opticsefficiency,
pointingaccuracy, andspaceandatmosphericlossesall affectC, but only throughtheir influenceon n̄s, n̄b, Ts, andTd. Hence
we expressthecapacityasa functionof thefollowing parameters:

C > C ; M < n̄s < n̄b < Ts < Td < detector=P?
Theunits in which C is expressedaffect the parametervalueswhich maximizeC. This fact,which might seemsurprisingat
first, impliesthatwork onmaximizingphotonefficiency (e.g.,[2,5,7,11,12])doesnotnecessarilyhelpdeterminethemaximum
dataratepossibleon thechannel.

2.2.1. Bits per photon or bits per channeluse

A channelcapacityof C bits perchannelusecanberestatedasC Q n̄s bitspersignalphoton,C Q M bits perPPMslot (neglecting
thedeadtime), andC QR; MTs N Td = bits persecond.Thecapacityin bits perphotonor bits perchanneluseis not boundedfor
noiselessPPM,if perfecttiming is assumed[16]. (Otherpracticalconstraintsboundit [11,12].) Intuitively, thereasonis that
by choosingincreasingvaluesof M andkeepingtheslotdurationfixed,thestatisticsgoverningthenumberof photonsdetected
in thesignalslot remainthesame,but thenumberof bits persymbolincreasesaslog2 M. Thus,thecapacityin bits perphoton
(or bitsperchanneluse)increasesaslog2M, anunboundednumberasM increases.

Thisunboundedcapacityin bits/photonis notparticularlyuseful,however, becauseit necessitatesalow datarateandwasted
power. Lasersonaspacecraftcanhavepowerallocatedto themonacontinualbasis,at leastwithin theintervalsof timesetaside
for transmissionto earth.Thispoweris usedprimarily to chargethelaserafterit hasfiredapulse.If thelaserwaitsanextensive
periodof time betweenpulsefirings, thatpower is beingwasted.Fromaninformationtheoreticalstandpoint,thewastecanbe
quantifiedby the lost entropy of the signal. The informationcontentof a setof signalingslots(ones)andnonsignalingslots
(zeroes)decreasesastheir probabilitiesaremademoredisparate.An increasingM meansthattheinformationcontentperslot
(or perunit time) is decreasing,becauseM F 1 out of M of theslotscontainzeroes.

2.2.2. Bits per second

Insteadof usinganenormousvalueof M andtransmittingonesymbol,we would be betteroff transmittingtwo ; M Q 2= -PPM
symbolsin the sameamountof time (assumingM STS Td Q Ts), becausethereis a potentialfor 2log2 ; M Q 2= bits received,as
opposedto only log2M bits. Neglectingdeadtime, the capacityof the errorlesschannelis log2 M Q M bits per slot, which is
maximizedwhenM > 3. (ThenonintegermaximumoccurswhenM > e.)

Theoptimumvalueof M maybemuchhigherthanthreewhentherequireddeadtimeis takeninto account.Onanerror-free
channelusingM-PPM,a slot timeof Ts anda laserdeadtimeof Td, thecapacityin bitspersecondis

C > log2M
MTs N Td

bits/second?
M maybechosento maximizethis equation.For thelaserusedin this paper, Ts > 3 ? 125 U 10V 8 secondsandTd > 4 ? 32 U 10V 4

seconds,andanerrorlesschannelcapacityis optimizedwhenM > 2082. For channelsthatproduceerrors,morecomplicated
expressionsof capacityresult[6], anda differentoptimalvalueof M emerges.

3. ANALYTIC RESULTS

In Section3.1, we derive the capacityof APD-detectedPPM, in termsof the PPM orderM and the probability of correct
uncodedM-PPMsymboldetection.A detailedsummaryof how to computethis probability is thengiven. In Section3.2 we
usetheconverseto Shannon’scapacitytheoremto deriveboundson performance.



3.1. Capacity of APD-detectedPPM

3.1.1. Capacity asa function of correctPPM symbol detection

Thecapacityof thecommunicationssystemin Fig. 1 is themaximummutualinformationbetweentheinputandoutput,

C W max
p X X Y I ; U;Û =)> max

p X X Y H ; Û =ZF H ; Û [U =\<
whereH ; Û = is theentropy of Û, H ; Û [U = is theconditionalentropy of Û givenU, andI ; U;Û = is themutualinformationbetween
U andÛ. Sincetheencoderanddecoderaredeterministic,invertiblefunctions,thecapacityof thesystemreducesin theusual
way to

C > max
p X X Y I ; X;Z =)> max

p X X Y H ; Z =]F H ; Z [X =P?
ThechannelX ^ Z is anM-ary symmetricchannel(repeatedn times),whosecapacitydependson theprobabilityof correct
uncodedsymboldetectionp W Pr; Xi > Zi = . Undertheassumptionsof perfecttiming andnegligible inter-slot interference,the
M F 1 possibleincorrectdecisionsareequallylikely, andeachincorrectM-PPMsymbolhasprobabilityq >_; 1 F p=@QR; M F 1=\?
Thecapacityof theM-ary symmetricchannelis givenby [1]

C > log2M N plog2 p N ; M F 1= qlog2q bits perchanneluse. (1)

Thus,to computethecapacityweneedonly determinep. Notethattheanalysisthusfarhasnotdependedontheparticulartype
of detectorused,only thatthedetectoroperatesin amemorylessfashion.

3.1.2. The probability of correctdetectionwith an APD detector

A low noiseAPD enhancesthe detectionof weakoptical signalsby amplifying the electricalcurrentgeneratedby absorbed
photons.This is illustratedin Fig. 2, in which the diodesymbolrepresentsthe morecomplicatedsolid statecomponentsof
theAPD itself, andsomeof theAPD parametersareshown in block diagramform. Unfortunately, in additionto amplifying
thesignal,theAPD transformsthesimplePoissondistribution of absorbedphotonsinto a muchmorecomplicatedprobability
densityfunctionat theAPD output. This pdf is known [3,13], but extremelycomplex to evaluatenumerically. This Conradi-
McIntyre distribution hasbeenaccuratelyapproximatedin a simplerformulationby Webb[20]. In particular, theprobability
thatm secondaryelectronsareemittedfrom theAPD in responseto theabsorptionof, on average,n̄ primaryphotonsin a slot,
is approximately

Prw ; m[ n̄=`> exp

a F X mV Gn̄Y 2
2n̄G2F b 1c md Gn̄

n̄GF egf F d 1hjilkm
2πn̄G2F n 1 N mV Gn̄

n̄GF opX F V 1YAq 3o 2 < (2)

whereG is theaverageAPD gain,F is theexcessnoisefactorgivenby

F > keff G NHr 2 F 1
G s ; 1 F keff =\<
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Figure2. ThesoftAPD demodulator.



andkeff is theionizationratio. For valuesof m closeto its meanGn̄, Eq. (2) canbeapproximatedby a Gaussianpdf; however,
Prw ; m[ n̄= departsgreatlyfrom aGaussianpdf atbothtails,which form themaincontribution to erroreventsin decoders[4].

The detectoroutputx is the sumof the charge dueto the approximatelyWebb-distributedsecondaryelectronemissions,
a contribution from the APD surfaceleakagecurrent,andGaussiandistributedamplifier thermalnoise,asshown in Fig. 2.
Becauseof the thermalnoise,theslot statisticx is not necessarilyan integer, andmayevenbe negative. Thepdf of the sum
chargeis givenby theconvolution

p ; x [ n̄=w> ∞

∑
mx 0

φ ; x < µm < σ2 = Prw ; m[ n̄=\< (3)

whereφ ; x < µm < σ2 = is a Gaussianpdf with meanµm > meV N IsTs andvarianceσ2 >y; 2eV Is N ; 4κT Q R=A= BT2
s , eV is theelectron

charge,κ is Boltzmann’sconstant,T is thenoisetemperature,B is thesingle-sidednoisebandwidth,andIs is theAPD surface
leakagecurrent. Note that Prw ; m[ n̄= and p ; x [ n̄= are conditionedon the meannumberof photonseffectively absorbedby
the detector, not incident the detector. The relationshipbetweenincidentandabsorbedphotonsis governedby the quantum
efficiency η of thedetector, asshown in Fig. 2.

The averagenumberof absorbedphotonsn̄ dependson whetherthe slot containsthe signal. In a signalingslot, n̄ >
ηn̄s N ηn̄b N Ib Q eV ; in a nonsignalingslot, n̄ > ηn̄s

αer N ηn̄b N Ib Q eV . The Ib Q eV termrepresentstheadditionaleffectiveabsorbed
photonsresultingfrom theAPD bulk leakagecurrent.Theηn̄s Q αer termrepresentsthephotonsabsorbedwhenthelaseris not
sendinga pulse.For practicalpurposes,theextinction ratio αer is ofteninconsequential,beingashigh or higherthan106.

Theprobabilityof correctdetectionp is givenby

p >�z ∞V ∞
p ; x [ηn̄s N ηn̄b N Ib Q eV =.{gz xV ∞

p ; y [ηn̄b N ηn̄sQ αer N Ib Q eV = dy| M V 1

dx < (4)

wherep ; x [ n̄= is theconditionalpdf of thedetectorslot statisticgiventhatanaverageof n̄ photonsareabsorbedby thedetector,
usingEq. (3). By pluggingEq. (4) into Eq. (1), the capacityis determined.In caseswhereEq .(4) is too cumbersometo
numericallyevaluatewe may usea simplerexpressionasa boundandapproximation.Using Jensen’s inequality, p canbe
boundedby [18]

p } { 1 F z ∞V ∞
p ; x [ηn̄s N ηn̄b N Ib Q eV = z ∞

x
p ; y [ηn̄b N ηn̄s Q αer N Ib Q eV = dydx| M V 1 < (5)

which will give a lower boundon capacitywhenpluggedinto Eq. (1). This boundis alwaystighterthantheunionbound[8],
which impliesthatastheprobabilityof errorgetssmall,theratioof theboundto thetruevaluetendsto one.

3.2. Implications of the converseof Shannon’scapacity theorem
The converseof Shannon’s channelcoding theoremappliedto the communicationssystemin Fig. 1 implies that any error
correctingcodewith coderateRc informationbitspertransmittedbit satisfies

Rc ; log2M =\; 1 F�~ b ; Pb =A=�K C ; M < n̄s < n̄b < Ts < detector= bits perchanneluse< (6)

where ~ b ; x=�WIF xlog2x F�; 1 F x= log2 ; 1 F x= is the binary entropy function,andwherePb is the codedbit error rate. Here,
Rc log2 M is theratein bits perchanneluse.Notethatcapacityis expressedin bits perchanneluse,which removesits depen-
denceon Td. We mayrewrite Eq. (6) as

Pb }�~ V 1
b { 1 F C ; M < n̄s < n̄b < Ts < detector=

Rc log2M
| ? (7)

For agivencoderateRc andfixed ; M < n̄s < n̄b < Ts < detector= , Eq.(7) givestheminimumBERPb thatany rateRc codecanachieve
on thechannel.Alternatively, wemaywrite

Rc K C ; M < n̄s < n̄b < Ts < detector=; log2M =\; 1 F�~ b ; Pb =@= ? (8)

For a given desirederror rate, say Pb > 10V 6, Eq. (8) gives an upperboundon the coderate, i.e., the percentageof the
transmissionbits thatcarry information.SincethedatarateRd >I; Rc log2 M =@Ql; MTs N Td = this translatesdirectly into a bound
on thedatarateaswell,

Rd K C ; M < n̄s < n̄b < Ts < detector=; MTs N Td =\; 1 F�~ b ; Pb =@= bits/sec. (9)



4. NUMERICAL CAPACITY RESULTS

All numericalevaluationswerecarriedoutona333MHzPentiumII usingprogramswritten in C andPerl.Weusedparameters
from a 1064nmpulsedQ-switchedNd:YAG laserhaving slot width Ts > 31? 25 ns, requireddeadtime Td > 432000ns, and
modulationextinction ratio αer > 106. This laserwaschosenbasedon its proposedusefor X2000 2nd delivery [15]. The
EG&G SLiK APD hasthefollowing parameters:keff > 0 ? 007,T > 300� K, R > 179700Ω, B > 1

2Ts
Hz., Ib > 4 U 10V 14 Amp.,

Is > 2 U 10V 9 Amp.,andη > 38%.SeeAppendixA for adescriptionof theseparameters,or [4] for amoredetailedexplanation.
All numericalresultsreportedin thepaperusedanoptimizedAPD gain.Wediscussthisoptimizationin Section4.4;theoptimal
gainvariedfrom 50to 200,dependingon thebackgroundlevel.

4.1. Bit error rate vs.background level

We usedEq. (7) to determinethe lowestbit error ratetheoreticallypossiblefor PPM signalingusingthe Nd:YAG laserand
SLiK APD. The capacitywasdeterminedby numericallyevaluatingEq. (5) andplugginginto Eq.s(1); substitutioninto (7)
givestheboundonbit errorrate.Fig. 3 indicatestheboundswhenM > 256,As canbeseen,whenoperatingataBERof 10V 6,
theuseof rate7/8 codespromisestheability to withstandbackgroundlevelsover40dBstrongerthananuncodedsystem.Rate
7/8 Reed-Solomon(RS)codesoperatewithin 3.5dBof the limit for rate7/8 codes.In an uncodedsystemwith M > 256we
musthave n̄b K 0 ? 001in orderto achievea BERof 10V 6; with a RS(255,224)codewe requiredn̄b K 7 ? 1; andcapacityimplies
n̄b K 16? 0. Notein Table1 thatwhenM > 64,a RScodeis furtherfrom capacitythanwhenM > 256.

4.2. Data rate vs.background level

Using Eq. (9), a boundon the highestdataratepossiblewhile operatingat a given BER and ; M < n̄s < n̄b < Ts < Td < detector= was
calculated.As n̄b ^ 0, the dataratetendsto the maximumdictatedby M, Ts, andTd: log2M Ql; MTs N Td = . Fig. 4 shows the
maximumattainabledataratefor a variousM anda rangeof nb, andwith fixed n̄s, Ts, Td, anddetector. Also shown is theRS
codingperformancewhenM > 256.

4.3. Optimization of PPM order

Fig. 4 begs the questionof what PPM orderoptimizesthe datarate. For nighttimereceptionin which n̄b � 1, the optimal
PPMorderis nearM > 2048.Thiscloselyfollows thediscussionin Section2.2.2regardingtheerrorlesschannel.For daytime
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Table 1. Maximumbackgroundlight thatcanbehandledwhile operatingwith a codedBER of 10V 6. Thetableindicatesthat
codesoperatingat the Shannonlimit canwithstand2.3 to 7.6dB higher levels of backgroundlight, comparedto RS codes.
Parameters:M > 256< 64< 2, Rc > 7Q 8 or 1Q 2, n̄s > 100< Ts > 31? 25ns,SLiK detector.

M Rc n̄b, Maximum n̄b, RScoding Difference(dB)
256 7/8 16.0 7.1 3.5
64 7/8 29.3 5.1 7.6
2 7/8 115 - -

256 1/2 37.8 22.5 2.3
64 1/2 69.9 30.5 3.6
2 1/2 475 - -
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Figure 4. Capacityof M-PPMon anopticalchannel,with M M E 2 < 64< 256< 2048< 4096G , Pb > 10V 6, n̄s > 100,Ts > 31? 25 ns,
Td > 432000ns,andtheSLiK APD detector.

receptionin which n̄b � 100,we canseefrom Fig. 4 that theoptimalPPM orderis well under256. To bemoreprecise,the
orderof PPMthatmaximizescapacityin bits persecondcanbeseendirectly from a plot of capacityversusM. This is shown
in Fig. 5, andtheoptimalPPMordersfor variousvaluesof n̄b aresummarizedin Table2.

This suggestsuseof a multiple PPM ordercommunicationssystem.During nighttimereceptionit shoulduseM on the
orderof thousands,andduring daytimereceptionit shoulduseM on the orderof dozens.UnoptimizedPPM orderscanbe
costly. As canbeseenfrom Fig. 5, usingM > 2036duringthedaywouldbedisastrousfor thedatarate.UsingM > 18atnight
reducescapacityby overhalf.

4.4. APD gain optimization

TheAPD gainis aparameterrequiredto evaluateperformance.For example,Eq.(2) dependsonthegain.All numericalresults
in this paperuseanoptimizedgain. For eachvalueof n̄b, thenumericalcapacityor otherneededquantitywascomputedover
a rangeof gains,andthe largestonechosen.In the interestof time, the gain wasrestrictedto multiplesof five. In all cases
considered,a gaindifferenceof five (andtypically muchmorethanfive) from theoptimal valuemadelittle differencein the
numericalresults.Shown in Fig. 6 aretheoptimalgainvalues.OptimalAPD gainsarealsoreportedin [18].
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4.5. Comparisonof simulation to upper bound of uncodedAPD-detectedPPM

Most numericalresultsin this paperrequiredthe determiningthe probability of uncodedPPM symboldetectionerror. Two
approachesweretaken–simulationandbounding.Using the methodgiven in [4] to simulatethe statisticalpropertiesof the
APD, a channelwassimulatedfor 100,000256-PPMsymbols.The probability of uncodedsymbolerror is shown in Fig. 7,
andis comparedto theupperboundusedin Eq. (5) usedto derive the remainderof thenumericalresultsin thepaper. Since
theupperboundis tighterthantheunionbound,it necessarilyconvergesto thetruevalue.We seethis happening,if slowly, in
Fig. 7.

5. CONCLUSIONS

This paperconsideredanX20002nddelivery laseranddetector, representingthecurrenttechnologyavailable. Capacitywas
reportedin termsof BER vs. backgroundlevel anddataratevs. backgroundlevel. Optimizationof the PPMorderandAPD
gainwerealsodiscussed.

Resultsindicatethatfor 256-PPMandrate7/8coding,RScodescanhandleall but thelast3.5dB of thebackgroundlevels
thatcapacitypromisescanbehandledwhile operatingat a BERof 10V 6.

Table 2. OptimalPPMordersM whenPb > 10V 6, n̄s > 100,n̄b M E 0 ? 1 < 1 < 10< 50< 100G , Ts > 31? 25 ns,Td > 432000ns,andthe
SLiK APD detector.

n̄b OptimalM
0.1 2036
1 1815
10 634
50 52
100 18



Theoptimalvalueof PPMorderdependsgreatlyon thebackgroundlight. For nighttimereception,theoptimalPPMorder
wasfoundto beM > 2036,while for daytimereception,M > 18. With mismatchedPPMorder, thecapacityreducesby more
thana factorof two, which suggeststhatmultiple-orderPPMsystemsshouldbeusedif feasible.

Futureadvancesin lasersanddetectorshavenot beenconsideredin thispaper. Evaluatingcapacityfor theseadvancements
would provide very usefulinformationregardingthelimits at which theopticalchannelcanoperate.This work is straightfor-
wardbut asof yetundone.

Thepaperalsogivesa framework thatcanbeusedfor evaluatingthesensitivity of thecapacityto eachparameter. Holding
all parametersfixedbut one,it is possibleto show thesensitivity of capacityto eachparameter. This would provide valuable
feedbackto laseranddetectordevelopersandto systemdesigners,who could thenexpendeffort in the areasleadingto the
biggestsystemgains. For the APD, this would includea studyof the affectsof thequantumefficiency, thermalnoiselevels,
darkcurrents,andsoforth; for thelasers,thiswould includetherepetitionrateandthepulsepower. Also,notethatin thispaper
we mostlykeptn̄s fixedat 100photonsperpulse.It is importantto know how thecapacitychangesfor varyingn̄s.

Also unknown is thecapacitylossdueto thehardPPMsymboldemodulator. Removing it andproviding soft slot statistics
directly to thedecoderwould improve capacity, anda studyto quantify this gainwould bean importantadvancementin our
understandingof theopticalchannel.
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APD, JuanCenicerosfor providing many FOCASlink tables,GerryOrtiz for providing X20002nddelivery laseranddetector
parameters,andBob McEliecefor helpful discussionsregardingtheunitsof capacityandoptimizationof thePPMorder.



APPENDIX A. PARAMETERS AND NOTATION

Thefollowing is a list of parametersandnotationusedin this paper.

Laser and Modulator parameters
M 256,64,2 PPMorder
Ts 3 ? 125 U 10V 8 Width of thePPMslot requiredby laser, in seconds
Td 4 ? 32 U 10V 4 Deadtime betweenPPMsymbolsrequiredby laser, in seconds
αer 106 Modulationextinction ratio
Received light
n̄s 100 Averagenumberof signalphotonsincidenton thephotodetector, perpulse
n̄b 0.001- 10,000 Averagenumberof backgroundphotonsincidenton thephotodetector, perslot
APD detectorparameters
η 38% Quantumefficiency
keff 0.007 Ionizationratio
T 300 Noisetemperature,in Kelvin
G 50-200 Gain
R 179700 Loadresistanceimpliedby transimpedancemodel,5 ? 75 U 1012 U Ts, in Ohms
B 1

2Ts
Noiseequivalentone-sidedbandwidth,in Hz.

Ib 4 U 10V 14 Bulk leakagecurrent,in Amperes
Is 2 U 10V 9 Surfaceleakagecurrent,in Amperes
Constants
κ 1 ? 38 U 10V 23 Boltzmann’sconstant,in Joules/Kelvin
eV 1 ? 6 U 10V 19 Electroncharge,in Coulombs
Err or probabilities
p Probabilityof correctuncodedPPMdetection
q ProbabilityuncodedPPMsymboli is detectedassymbol j, j �> i.

REFERENCES

1. RobertB. Ash. InformationTheory. Dover, New York, 1965.
2. Stanley A. Butman,JosephKatz,andJamesR. Lesh. Bandwidthlimitationson noiselessopticalchannelcapacity. IEEE

Trans.Commun., COM-30(5):1262–1264,May 1982.
3. J.Conradi.Thedistributionof gainsin uniformly multiplying avalanchephotodiodes:Experimental.IEEE Transactions

on Electron Devices, ED-19(6):713–718, June1972.
4. FredericM. Davidson and Xiaoli Sun. Gaussianapproximationversusnearly exact performanceanalysisof optical

communicationsystemswith PPMsignalingandAPD receivers. IEEE Trans.Commun., 36(11):1185–1192, November
1988.

5. JonHamkins. Lower boundson the numberof requiredphotonsfor reliableoptical communicationwith PPM signals.
JPLIOM 331.98.9.005,November1998.

6. JonHamkins.Thecapacityof apd-detectedppm. TMO ProgressReport, 42(138):1–19,August1999.
7. JonHamkins.More numericalcapacityresultsfor thephotoncountingchannel.JPLIOM 331.99.1.001,January1999.
8. Linda W. Hughes. A simpleupperboundon the error probability for orthogonalsignalsin white noise. IEEE Trans.

Commun., 40(4):670,April 1992.
9. M. JeganathanandS. Mecherle.FOCAS2.0: Free-spaceOptical CommunicationsAnalysisSoftware. OpticalCommu-

nicationsGroup,JetPropulsionLaboratory, 4800OakGroveDr., Pasadena,CA 91109,May 1998.
10. KamranKiasalehandTsun-YeeYan. T-PPM:A novel modulationschemefor opticalcommunicationsystemsimpaired

by pulsewidth inaccuracies.TMO ProgressReport, 42–135,November1998.
11. JamesR. Lesh. Capacitylimit of the noiseless,energy-efficient optical PPM channel. IEEE Trans.Commun., COM-

31(4):546–548,April 1983.
12. RobertJ. McEliece. Practicalcodesfor photoncommunication. IEEE Trans.Inform. Theory, IT-27(4):393–398,July

1981.
13. R. J.McIntyre. Thedistributionof gainsin uniformly multiplying avalanchephotodiodes:Theory. IEEETransactionson

Electron Devices, ED-19(6):703–713,June1972.



14. GeorgeStephenMecherle.Maximizeddataratecapability for optical communicationusingsemiconductordeviceswith
pulsepositionmodulation. PhDthesis,Universityof SouthernCalifornia,May 1986.

15. GerryOrtiz. X20002nddeliveryparameters.privatecommunication,March1999.
16. JohnR. Pierce,EdwardC. Posner, andEugeneR. Rodemich.Thecapacityof thephotoncountingchannel.IEEE Trans.

Inform.Theory, IT-27(1):61–77,January1981.
17. MeeraSrinivasan.Receiverstructureandperformancefor trellis-codedpulsepositionmodulationin opticalcommunica-

tion systems.TMO ProgressReport, 42–135,November1998.
18. Meera Srinivasanand Victor Vilnrotter. Symbol-errorprobabilitiesfor pulse-positionmodulationsignalingwith an

avalanchephotodiodereceiverandGaussianthermalnoise.TMO ProgressReport, 42-134:1–11,August1998.
19. V. Vilnrotter, M. Simon,andM. Srinivasan.Maximumlikelihooddetectionof PPMsignalsgovernedby anarbitrarypoint

processplusadditivegaussiannoise.JPLPublication98-7,April 1998.
20. P. P. Webb,R. J.McIntyre,andJ.Conradi.Propertiesof avalanchephotodiodes.RCAReview, 35:234–278,June1974.


